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a  b  s  t  r  a  c  t
In this  work,  750  nm-thick  BaTiO3 thin  ﬁlms  with  highly  (0  0 1)  preferred  orientation  were  grown  on
single  crystal  MgO  substrates  by  RF-sputtering.  Hydrogen  silsesquioxane  (HSQ)  resist  material  based
ridge  waveguides,  which  were  fabricated  on  BaTiO3 thin  ﬁlms,  were  formed  by e-beam  lithography.  Au
electrodes  were  deposited  on top  of the  BaTiO3 ﬁlms  beside  the  waveguide.  Propagation  losses  of  theeywords:
aTiO3
aveguide
lectro-optic
iO2 ridge
BaTiO3 ridge  waveguide  were  3–5  dB/cm  in  transverse  electric  polarization.  The  measured  electroop-
tic  coefﬁcient  value  (r51) was  110 pm/V,  which  is  three  times  larger  than  the  electrooptic  coefﬁcient
(r33 = 30.8  pm/V)  of  single  crystal  LiNbO3. SiO2 strip  waveguide  formed  by HSQ  exhibited  light  propa-
gation  with  loss  lower  than  5 dB/cm.  This result  demonstrates  potential  possibility  of  creating  highly
oriented  and/or  epitaxially  grown  BaTiO3 waveguides  and  optical  components  on oxide  substrates.
© 2014 The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Perovskite BaTiO3 materials have attracted a great deal of atten-
ion, in recent years, for its high electro-optic coefﬁcient, as well as
ts piezoelectric properties, given its lead-free nature [1–4]. Its large
lectro-optic coefﬁcient, for example, could enable the fabrication
f highly miniaturized optical modulators for ﬁber-optic based
ata transmission systems [5]. The electro-optic effect describes
he change to the index ellipsoid due to an applied electric ﬁeld.
urrently, electro-optic devices are largely fabricated on bulk
iNbO3 single crystals and are combined with other optical and
lectronic components in hybrid form. Even with its much lower
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ttp://dx.doi.org/10.1016/j.jascer.2014.05.002electro-optic coefﬁcient, LiNbO3 has been the material of choice
given its ability to be grown as large, high quality single crys-
tals. Recent developments in the fabrication and characterization
of thin ﬁlm optical components (e.g., waveguides, sources, mod-
ulators, and detectors) suggest that integrated optical systems
on silicon will soon materialize [6]. Miniaturization places a pre-
mium on materials such as BaTiO3 with much higher electro-optic
coefﬁcients (e.g., r42 = 1640 pm/V compared to r42 = 20 pm/V for
LiNbO3), higher data rates and/or lower operating voltages. Much
progress has been achieved in recent years in the growth of high
quality oxide ﬁlms [7,8]. In particular, there has been a great deal of
effort expanded in the growth of a number of ferroelectric oxides,
including BaTiO3, onto Si in support of ferroelectric-based non-
volatile memories [9,10]. By extension, the development of thin
ﬁlm optical modulators, capable of being integrated into a Si-based
device platform, can be envisioned [11]. However, several key crite-
ria must be satisﬁed when integrating BT electro-optic thin ﬁlms
onto Si substrates. First the BaTiO3 ﬁlms must be grown in an
epitaxial fashion, highly oriented along the (0 0 1) direction, to
optimize the electro-optic effect [12–14]. Second, the BaTiO3 ﬁlms
must be sufﬁciently spatially separated from the Si substrate to
optically decouple the BaTiO3 based device from the lossy Si sub-
strate. Lastly, the layers separating BaTiO3 from the underlying Si
substrate should have an index of refraction lower than BaTiO3
to insure conﬁnement of light within the waveguides and should
be chemically stable in contact with both Si and BaTiO3. In this
letter, we  report on c-axis oriented BaTiO3 thin ﬁlm electro-optic
waveguide modulator fabricated on MgO, via e-beam lithography.
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Fig. 1. X-ray diffraction pattern of BaTiO3 thin ﬁlms with various thicknesses.
Table 1
Optical properties of BaTiO3 ﬁlms.
Mode n a (dB/cm)
BaTiO3/MgO structure and Fig. 4b exhibits light propagation
through SiO2 strip loaded BaTiO3 ridge waveguide. Propagation
loss was measured to be lower than 5 dB/cm. Light propagation
was clearly observed as shown in Fig. 4b. We expect that further
Dispersion
1.9
2
2.1
2.2
2.3
2.4
0.5 1 1.5 2
n
no
necheme 1. Schematic diagram of SiO2 strip loaded BaTiO3 ridge waveguide struc-
ure.
. Experimental
The BaTiO3 ﬁlms were deposited on MgO(1 0 0) substrates at
50 ◦C by RF reactive sputtering. A disk-type BaTiO3 target of 2-
n. diameter was used. The BaTiO3 ﬁlms were synthesized using a
xed RF power (120 W)  and an Ar/O2 (ratio 1/1) atmosphere with
otal pressure of 30 mTorr. Hydrogen silsesquioxane (HSQ) resist
as spun onto 1 m-thick BaTiO3 ﬁlms. Ridge waveguides were
atterned by e-beam lithography. The exposed HSQ is transformed
nto SiO2, which serves as a mask for subsequent etching of BaTiO3.
he SiO2 remains as a cladding on the waveguide. The BaTiO3 ﬁlms
ere wet chemically etched utilizing a 1:1:20 HCl:H2O2:H2O solu-
ion.
The ridge waveguide dimensions were 3 m wide, with a ridge
tep height of 0.15 m on a 1 m thick BaTiO3 ﬁlm. As a design
arameter, the chip length was 6 mm and the crystal orientation
f BaTiO3 was (0 0 1). 200 nm thick Au electrodes, with a 20 nm
hick Ti adhesion layer, were deposited onto the BaTiO3 ﬁlms with
0 m electrode gaps. A schematic diagram of the BaTiO3 ridge
aveguides is illustrated in Scheme 1.
. Results and discussion
Fig. 1 shows X-ray diffraction patterns of the BaTiO3 thin ﬁlms,
eposited on MgO  single crystal substrates, with thicknesses ran-
ing from 200 to 1000 nm.  All BaTiO3 ﬁlms showed a highly (0 0 1)
referred orientation. Discrete diffraction spots, with fourfold sym-
etry, were observed when a BaTiO3(1 1 0) plane was  used as the
iffraction plane (not shown). This result revealed that all BaTiO3
lms grew epitaxially on MgO(1 0 0) substrates. Similar growth
ehaviors of perovskite thin ﬁlms on single crystal substrates have
een previously reported elsewhere [15–17]. A full width half max-
mum (FWHM) of 0.8097 for the (1 0 0) reﬂection of 750 nm thick
aTiO3 ﬁlms points to a very well crystallized ﬁlm. Compared to
he 750 nm thick BaTiO3 ﬁlm, the 1 m thick BaTiO3 ﬁlm showed
lightly reduced crystallinity, with FWHM of 1.527. By atomic
orce microscopy, rms  values of surface roughness of the 750 nm
hick and 1 m thick BaTiO3 ﬁlms were found to be 0.863 nm and
.16 nm,  respectively. Film orientation and surface roughness are
mportant since they impact propagation loss.A Metricon 2010 system was used to measure the ordinary and
xtraordinary indices of the BaTiO3 ﬁlms. The refractive indices of
he transverse electric (TE) and transverse magnetic (TM) modes,
easured for BaTiO3 waveguides on MgO, are listed in Table 1. TheTE 2.198 3–5
TM  2.217 >15
wavelength dispersion of the index of refraction is shown in Fig. 2.
The refractive index decreases slightly as wavelength increases
(normal dispersion).
The relative transmitted optical power at 1550 nm is shown
plotted in Fig. 3 as a function of voltage for a number of voltage
ramps in both increasing and decreasing directions. The effective
electro-optic coefﬁcient (r51) calculated from these measurements
was 100–110 pm/V, compared with r51 of 30 pm/V for single crystal
LiNbO3. Ten voltage cycles were traversed to insure reproducibility.
All measurements showed similar and relatively uniform electro-
optic properties.
Fig. 4a shows SiO2 strip waveguide formed by HSQ on a[μm]
Fig. 2. Ordinary and extraordinary indices of BaTiO3 thin ﬁlms as a function of
wavelength.
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Fig. 3. Transmitted optical power at 1550 nm as function of applied voltage demonstrating electro-optic effect in BaTiO3 thin ﬁlm waveguides.
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mprovements in light propagation can be achieved by improving
he quality of HSQ derived SiO2 by annealing.
. Conclusion
In summary, highly (0 0 1) oriented BaTiO3 thin ﬁlms were
uccessfully deposited onto MgO  single crystal substrates by RF
puttering. BaTiO3 ridge waveguides were formed by e-beam
ithography using HSQ resist material. The propagation loss of
he BaTiO3 ridge waveguide was 3–5 dB/cm in TE polarization.
he measured electro-optic coefﬁcient (r51) was  approximately
10 pm/V, three times larger than the electrooptic coefﬁcient
r33 = 30.8 pm/V) of single crystal LiNbO3. This conﬁrms that BaTiO3
hin ﬁlms with highly preferred orientation can be a promising
andidate for integrated electro-optic modulators.cknowledgements
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